Abstract The use of enriched Se isotopes as tracers has provided important information on Se metabolism. However, selenium isotopes are expensive and difficult to obtain. A simple and cheap strategy based on the production of [ Se]-MeSeCys. Organs (liver, kidney, brain, testicles, and heart) were obtained after seven days of treatment and subjected to total selenium and seleniumspeciation analysis by high-performance liquid chromatography coupled with isotope-dilution-analysis inductivelycoupled-plasma mass spectrometry (HPLC-IDA-ICP-MS). Analysis of 77 Se-labeled organs revealed a prominent increase (more than 100 % Se-level enhancement) of selenium in the kidney and heart, whereas in the liver selenium concentration only increased by up to 20 % and it remained constant in the brain and testicles. Se-labeled liver and kidney extracts, suggesting the incorporation of this selenium species in its intact form.
Introduction
Selenium (Se) is an essential element to humans and has an important function in several biological processes involving the immune and reproductive systems, thyroid function [1] , and redox balance [2, 3] . Therefore, improving Se status may benefit long-term health while strengthening immune response. The dietary aspects of Se have led to widespread scientific interest regarding the development of Se-enriched food products [4] [5] [6] [7] [8] . However, selenium metabolism after ingestion has not been clearly defined. Selenium is commonly transformed into selenide, which is assumed to be the intermediate for either excretion or for synthesis of proteins, in which selenium is present as selenocysteine (SeCys), in selenoproteins, or as selenomethionine (SeMet), in seleniumcontaining proteins [9] . Methylselenol is another intermediate compound involved in the selenium metabolic pathway. This species is believed to be responsible for the anticarcinogenic e ff e ct of s el en i u m [1 0 ] , a nd i s o b t a i n ed f r o m methylselenocysteine (MeSeCys) through the β-lyase reaction. A comprehensive understanding of selenium-species metabolism is necessary to elucidate its physiological function. In this line, the use of isotope-labeled selenium is an easy way to monitor selenium metabolism once ingested. Enriched stable isotopes are used to safely estimate the absorption and retention [11, 12] , or to study the uptake and metabolism of minerals in human physiological studies. Because selenium is mainly covalently bound to selenoamino acids, the need for intrinsic labeling using the natural biosynthetic pathways in living organisms is evident. However, the production of selenium isotopes is expensive and they are difficult to obtain. In a previous work [6] , MeSeCys was reported to be the main metabolic product when preparing fermented cabbage (sauerkraut) in the presence of Se(IV). On the basis of this work, a simple and cheap method was used for producing [ Se-labeled metabolites were analyzed in different organs (kidney, liver, heart, brain, and testicles) by high-performance liquid chromatography coupled with inductively-coupled-plasma mass spectrometry HPLC-ICP-MS, and quantified by HPLC-isotope-dilution-analysis (IDA)-ICP-MS. The obtained results could help to provide further insights regarding the mechanism of action of MeSeCys. Further, the work illustrates how natural processes (for example lactic-acid fermentation), which imply inorganic selenium biotransformation, can be useful for preparing stable selenium isotopes as tracers to investigate selenium metabolism and to achieve rapid speciation analysis and quantification of Se by HPLC-ICP-MS.
Materials and methods

Instrumentation
An analytical microwave oven (CEM, Matthews, USA) was used for the acid-digestion process.
Enzymatic hydrolysis of samples was performed using an Optic Ivymen System constant temperature incubator shaker (Comecta S.A., Spain). The extracts from the enzymatic hydrolysis were centrifuged in an Eppendorf centrifuge 5804 R F34-6-38 (Germany).
An Agilent HP-7700 Series ICP-MS (USA) equipped with an octapole reaction cell was used for monitoring 77 Se, 78 Se, and 80 Se isotopes. Argon-based polyatomic interferences were reduced by using H 2 as the cell gas. For chromatographic experiments, a high-pressure pump Jasco PU-2089 (Italy) was used as the sample-delivery system under isocratic conditions. The pump was fitted with a six-port Rheodyne 7725i sample injection (Rohner Park, USA). The separation was performed on an anion-exchange PRP-X100 (250×4.1 mm, 10 μm) column (Hamilton, Switzerland) and on a reversedphase (RP) C8 Zorbax R x -C 8 (250×3.0 mm, 5 μm) column (Agilent, USA) with ion pairing. The operating conditions for ICP-MS measurements and the chromatographic conditions are summarized in Table 1 .
To verify the tentatively identified selenium species, electrospray-ionization (ESI)-MS-MS analysis was conducted using a 6520 Q-TOF (Agilent, USA) tandem-quadrupole mass spectrometer in the selected positive-ion mode. HPLC-ESI-MS-MS was performed using a C18 RP Gemini (150× 2.00 mm, 5 μm) (Phenomenex, USA).
Reagents and standards
All chemicals and reagents used were of analytical grade, and solutions were prepared with de-ionized water (18 mol L −1 Ω cm) obtained from a Milli-Q water-purification-system unit (Millipore, USA). Stock standard solutions of SeMet, MeSeCys, and SeCys 2 (Sigma-Aldrich, Germany) were prepared by dissolving them in 3 % hydrochloric acid (37 %, Merck, Germany). Inorganic selenium solutions were obtained by dissolving sodium selenite (Na 2 SeO 3 ) and selenate (Na 2 SeO 4 ), purchased from Merck, in 2 % HNO 3 (60 %, Sharlau, Spain).
77 Se-enriched standard (purity 99.66 %) (Cambridge Isotope Laboratories, USA) was dissolved in a minimum volume of sub-boiled HCl and diluted with Milli-Q water. The concentration of 77 Se-enriched standard was determined by RP IDA-ICP-MS.
For the enzymatic extraction, Tris-HCl buffer (pH 7.5) (Fluka; Germany), the nonspecific protease Streptomyces griseus (protease XIV), and Candida rugose (lipase) (Sigma-Aldrich, Germany) were used.
Carbamidomethylation (CAM) of samples was performed using urea (99.5 %, Sigma-Aldrich, Germany), dithiothreitol (DTT) (99 %, Sigma-Aldrich, Germany), and iodoacetamide (IAM) (Sigma-Aldrich, Germany).
Selenium-species separation by anion-exchange chromatography was achieved using 10 mmol L −1 citric acid (Sigma) [13] .
The cabbage heads were prepared by removing the outer leaves and their central core, as described in a previous work [6] . The edible part of the cabbages was then shredded into approximately 2 mm thick strips using a shredder (Moka Express, Spain). Subsequently, 0.5 % NaCl and 0.5 mg sodium 77 selenite per kg fresh cabbage (6.38 mg Se per kg dry matter) were added. Shredded cabbage and brine were mixed thoroughly, transferred to sterile polyethylene vessels (8 L) , and tightly pressed to exclude air. Fermentations were performed spontaneously by the indigenous microbiota present on raw cabbage. Sauerkrauts without addition of Se were also prepared and were used as controls. Fermentations were performed in three batches (4 kg per batch) at room temperature (22-25°C) for seven days. On the third day, cabbage was pricked to remove released gases. After fermentation samples were freeze-dried, milled, and stored at −20°C under vacuum until their characterization and subsequent administration to animals.
Animal experiments
Thirty male Wistar rats with an average initial body weight of 156±2 g were divided into three experimental groups (n=10).
The experiments lasted for 10 days, three days of adaptation and a seven day experimental period, during which animals were housed in individual stainless-steel metabolic cages designed to control food intake. The cages were located in a well-ventilated thermostatically controlled room (21±2°C), with a relative humidity ranging from 40 to 60 % and a 12 h light-dark cycle. Food intake was controlled daily in all experimental groups, and the animals consumed the different experimental diets ad libitum. At the end of the experimental period, rats were fasted for 12 h before being sacrificed by CO 2 inhalation. Liver, kidney, heart, brain, and testicles were extracted, weighed, and immediately frozen in liquid nitrogen and stored at −80°C. All experiments were undertaken according to Directional Guides Related to Animal Housing and Care [14] and all procedures were approved by the Animal Experimentation Ethics Committee of the University of Granada.
Rats were fed with an AIN-93 M diet containing 20 % freeze-dried 77 Se-enriched sauerkraut. AIN-93 M diets were formulated to fulfill the nutritional requirements given by American Institute of Nutrition [15, 16] , with casein supplemented with 0.5 % methionine as the sole source of protein (12 %). The 20 % freeze-dried cabbage content was added at the expense of cellulose and wheat starch, with the objective of establishing a reasonable content of cabbage in the diet that could resemble that of a general population. A control group fed with an AIN-93 M diet containing 20 % freeze-dried nonSe-enriched sauerkraut was also used in this study.
Total selenium and essential-elements determination in rat organs after feeding with a diet containing [ 77 Se] -MeSeCys-enriched sauerkraut Selenium and essential-elements concentration was determined in rat organs (kidney, liver, heart, brain, and testicles). Approximately 0.10 g freeze-dried sample was digested with , following conditions described elsewhere [17] . The resulting solutions were diluted to 10.00 mL with deionized water. The concentration of essential elements was measured by ICP-MS, using the external calibration method and following the experimental conditions given in Table 1 . Selenium concentration was determined by conventional and by RP IDA-ICP-MS in control and intrinsically 77 Se-labeled rat organs, respectively. For this purpose, an appropriate amount of 77 Se spike solution was added to samples just before the acid-digestion step (a selenium solution of natural abundance was added when analyzing intrinsically 77 Se-labeled samples by RP IDA-ICP-MS).
For IDA-ICP-MS analysis, isotope intensities were corrected with a detector dead time of 30 ns. Interferences caused by SeH + were corrected with a selenium factor (f Se ) in the range 2.2-2.4 % of the Se signal; similar values to those reported elsewhere [18, 19] . Mass bias discrimination was computed every five analyses, and a mass bias factor (K) of ca. −4 % per mass unit, in agreement with other authors [19, 20] , was used to correct the Se isotope ratios. Selenium concentration was calculated using the IDA equation described by García-Alonso et al. [21] .
Selenium speciation in the intrinsically 77 Se-labeled organs
The non-proteinogenic selenoamino acid, MeSeCys, was extracted from sauerkraut by a Tris-HCl solution, using ultrasonic probe sonication for 2 min. Selenium-species extraction from rat organs was performed by use of a conventional enzymatic hydrolysis [22] , consisting of incubation of 0.1 g sample in 3 mL 30 mmol L −1 Tris-HCl (pH 7.5) with 30 mg protease XIV and 20 mg lipase at 37°C for 20 h. With the objective of improving the efficiency of SeCys extraction while preserving species integrity, samples were carbamidomethylated before enzymatic hydrolysis, based on the procedure reported by other authors [22, 23] . Briefly, 0.1 g freezedried sample was incubated with 2 mL 7 mol L was performed during a 20 h incubation at 37°C, using a protease-lipase solution mixture. The extracts were centrifuged at 10,233g for 20 min and the supernatants were filtered through 0.22 μm nylon filter and analyzed by anion-exchange and RP chromatography coupled to ICP-MS. Identification of selenium compounds was performed by matching retention times and by spiking experiments. Recovery values were calculated as the sum of selenium in separated selenium compounds relative to the total selenium concentration obtained after microwave acid digestion. Selenium-species quantification in organs from control rats was performed by HPLC species-unspecific IDA-ICP-MS, which enabled us to quantify both identified and unidentified species. For that purpose, a 77
Se-enriched standard solution of the appropriate known concentration was continuously mixed (at 0.1 mL min
) with the effluent of the column (at 0.9 mL min ) after applying an appropriate mathematical treatment based on the on-line isotope-dilution equation [21] . The same corrections as those used in conventional IDA-ICP-MS for total Se determination were applied to the Se isotope ratios before use of the online isotope-dilution equation to obtain the mass-flow chromatograms. The amount of selenium corresponding to each chromatographic peak was obtained by area integration. With the objective of identifying unknown selenium species, the unknown-Se-species-containing fractions from anion-exchange chromatography were isolated and purified by RP C8 chromatography. Then, RP fractions were combined, lyophilized, and re-dissolved in a minimum volume of MeOH 50 %. The MeOH extracts were further analyzed by direct-infusion ESI-MS-MS and RP C18 chromatography coupled to ESI-MS-MS. The ion-spray voltage was set at 4.5 kV and the fragmentor voltage at 150 V. Nitrogen was used as nebulizer, drying, and collision gas.
Results and discussion
Characterization of AIN-93 M animal diet and Se-enriched sauerkraut are used, respectively. Regarding Se species, selenium was mainly present as Se(IV) and SeMet (Fig. 1a) Total selenium content in different organs (liver, kidney, heart, testicles, and brain) from rats fed with a diet containing 20 % 77 Se-enriched or non-enriched (control group) sauerkraut was determined by IDA-ICP-MS after performing acid digestion. The proposed method was validated by a reference material of bovine muscle powder (NIST-RM 8414) certified for total selenium (0.076±0.010 μg g
−1
). Because, at 95 % confidence, no significant differences were observed between the certified value and the experimental ones, the method was believed accurate for total selenium determination.
The results in Table 2 reveal that the liver, testicles, and kidney of the control group of rats were the organs with the highest selenium content, with selenium levels of 3.7±0.2, 3.4 ±0.3, and 1.9±0.2 μg g −1 , respectively. This could be because the liver and kidney are believed to be selenium-accumulating organs [25] , and because selenium is required for sperm synthesis in testicles [26] . In 77 Se-labeled organs, selenium levels were twofold higher in the kidney and heart than in the respective control organs, whereas in the liver selenium concentration only increased by up to 20 % and the concentration remained constant in the brain and testicles. Interestingly, the liver did not have an important increase in selenium when rats were fed with a 20 % 77 Se-enriched sauerkraut diet, despite being the organ with the highest Se level in the control group. The data obtained provide evidence that selenium is preferentially accumulated in specific organs. Selenium accumulation in the kidney could be explained as a part of a detoxification process before excretion. The reason for the observed selenium-level enhancement in the heart is unclear. The heart is quite sensitive to selenium-status changes in the body [27] , and therefore it could be more affected when selenium is supplemented. In contrast, the selenium level remains constant in organs of important biological activity, for example the brain or reproductive system, with the objective of protecting the body against selenium-status modifications [28] .
To ensure appropriate growth of experimental animals, they not only have to tolerate selenium, but supplementation with selenium should not alter the uptake and distribution of other essential elements (Cu, Mo, Mg, and Zn) or their biological functions. Therefore the concentrations of several essential elements in the intrinsically 77 Se-labeled rat organs were measured (Table 2 ). In general, selenium supplementation with a diet containing 20 % 77 Se-enriched sauerkraut did not alter the concentration of these elements in comparison to the controls, except for in the heart and kidney. It is interesting to note that these two organs were those with the highest selenium increase after feeding rats with [ 77 Se]-MeSeCys. Studies on the effect of selenium supplementation and of other metals on the accumulation and distribution of micronutrients in organs and tissues are scarce, and those existing are sometimes controversial. Pedrero et al. [23] determined selenium and essential elements in organs of catfish fed with a selenium-enriched garlic-based diet (mainly as γ-glutamylmethylselenocysteine). Selenium supplementation did not have any effect on Zn and Cu accumulation and distribution in catfish organs. Cabañero et al. [29] evaluated Se-Hg interaction in chickens after supplementing them with selenium in the form of selenite. Results revealed that the concentrations of Cu, Zn, and Fe in the kidney remained unaltered after long-term selenium exposure. In contrast, in a study [30] of broiler chickens supplemented with selenized yeast, selenium was positively correlated with Fe, Zn, and Cu and negatively correlated with Cd. On the basis of these results, it is clear that trace elements may interact at the levels of absorption, distribution, and retention. Deficiency or supplementation of one of them may alter their balance and induce antagonistic or synergistic effects. Alteration of the trace-elements balance may also affect the antioxidant system because several trace elements, including Se, Cu, Zn, and Fe, are integral to a variety of antioxidant enzymes. The effect of selenium on trace-metal distribution depends on the level and chemical form of supplemented selenium, the animal, and the type of tissue examined.
Se speciation in the intrinsically 77 Se-labeled and control rat organs In this work, the distribution of selenium species in the different organs was evaluated by HPLC-IDA-ICP-MS after species extraction using carbamidomethylation followed by enzymatic hydrolysis. Because of selenocysteine degradation, it is necessary to use a sample treatment procedure based on reduction with dithiothreitol (DTT) followed by acetylation with iodoacetamide (IAM) to prevent oxidation of selenocysteine [22] . Therefore, commercially available Sestandards and samples were carbamidomethylated following the procedure described in the Material and Methods section. Two different chromatographic columns (anion-exchange and RP chromatography) coupled to ICP-MS were used for analyzing the extracts of the different organs.
The anion-exchange HPLC-ICP-MS chromatogram in Fig. 2a Se-containing peak observed at 6 min were detected in the hydrolyzed extract of 77 Se-labeled rat liver treated using carbamidomethylation and enzymatic hydrolysis. In addition, the Se-containing peak found at 6 min matched the retention time of the CAM- (Figs. 2a, d) . However, when sample treatment was performed without a previous carbamidomethylation step only SeCys was detected in liver extracts (Fig. 2b) , suggesting that the Se-containing peak observed at 6 min might be a Se-unknown peak produced when carbamidomethylation is applied before enzymatic hydrolysis.
The anion-exchange HPLC-ICP-MS chromatographic profiles in Fig. 3 show the 77 Selabeled liver and kidney extracts were found, suggesting the incorporation of this selenium compound in its intact form. The detection of low amounts of MeSeCys in its intact form in the liver and kidney after feeding animals with such species has been reported by other authors [12, 31] . Suzuki et al. [31] SeMet is transformed into SeCys through the trans-selenation reaction, and then into selenide through the β-lyase reaction for SeCys. MeSeCys is transformed into methylselenol through the β-lyase reaction for MeSeCys, and then through the demethylation reaction into selenide. The results obtained in this work are in agreement with those reported by Suzuki et al. [31] , because the presence of SeCys, released from selenoproteins, in these metabolically active glandular visceral tissues (heart, kidney, liver, brain, and testicles) can be explained as a result of the conversion of the species initially present in the supplemented diet.
As can be observed in the chromatograms, CAM-SeCys is hardly retained in anion-exchange and thus co-elutes close to the chromatographic void volume. Therefore an RP chromatographic mechanism was also used. The RP HPLC-ICP-MS chromatograms corresponding to the hydrolyzed extracts of 77 Se-labeled organs are shown in Fig. 4 and reveal the presence of SeCys (eluting at a retention time greater than the void volume) and an unknown Se-containing peak.
The origin of the unknown Se-containing peak is not clear, but it could be formed by any of the three species administrated to the animals because selenium was present as [31, 32] , before the synthesis of selenoproteins and/or selenosugars and trimethylselenonium (TMSe) as urinary metabolites [32] . In this work, TMSe was not observed in the liver or kidney. The unknown Se-containing peak was also detected in the heart and brain, suggesting that it is not a Se urinary metabolite. Because the Se-unknown peak was only detected when carbamidomethylation was applied, its presence could also be attributed to artifact formation during carbamidomethylation. With the objective of identifying the unknown peak found in carbamidomethylated tissues, ESI-MS-MS analysis was used. For this purpose, unknown-Se-species-containing fractions from anion-exchange chromatography were isolated and purified by RP C8 chromatography. Then RP fractions were combined, lyophilized, and re-dissolved in a minimum volume of MeOH 50 %. The MeOH extracts were analyzed by 
direct-infusion ESI-MS-MS and HPLC-ESI-MS-MS.
However, this attempt at species identification by LC-ESI-MS-MS was unsuccessful, which may be because of the low amount of selenium found in the tested organs.
Because the identification of one of the Se species was not possible, quantification of species was performed by speciesunspecific IDA-ICP-MS by continuously mixing an enriched 77 Se solution (selenium solution of natural abundance for RP IDA) with the effluent of the column. By using this mode of IDA, both identified and unidentified species can be quantified. Figure 5 shows the mass-flow chromatograms of control and Se-enriched liver extracts obtained by anion-exchange IDA-ICP-MS. Table 3 shows the total content of selenium, recovery values (calculated as the amount of selenium extracted relative to the total selenium concentration obtained after acid digestion), the concentration of Se species, and the fraction of total selenium (calculated as the sum of selenium in separated Se species relative to the total Se extracted) from both control and 77 Se-labeled rat organs. Recovery values ranged from 52 to 100 %, with the liver providing the minimum selenium-extraction yield. Quantification of Secontaining peaks was also performed by RP IDA-ICP-MS. The concentration values obtained for Se species were similar to the values provided by anion-exchange IDA-ICP-MS (data not shown). Moreover, the LC-IDA-ICP-MS method used was validated by analyzing a reference material certified for SeMet (ERM-BC210a). Because at 95 % confidence no significant differences were observed between the certified value and the experimental value, the method was believed accurate for performing quantitative speciation.
In general, control samples had a higher content of CAMSeCys and a lower content of the unknown species than 77 Selabeled organs. The presence of the unknown Se species could be the reason for these unexpected results. It seems that the occurrence of the unknown Se-containing peak was enhanced when rats were fed with MeSeCys.
The highest content of either SeCys or the unidentified species was found in the liver, kidney, and testicles. After supplementation, the testicles had reduced content of both species whereas the heart had an increased concentration of the unknown Se-containing peak.
Conclusions
The natural synthesis of [ Se-labeled organs revealed a prominent increase (more than 100 % Se-level enhancement) of selenium in the kidney and heart. 77 Seenriched-sauerkraut supplementation did not alter the concentration of other essential elements in comparison to controls except for in the heart and kidney, in which selenium was positively correlated with Mg, Zn, Cu, and Mo. We have also revealed how natural processes (for example lactic-acid fermentation) that imply inorganic selenium biotransformation can be useful to synthesize stable selenium isotopes as tracers to investigate selenium metabolism and to achieve rapid speciation analyses and quantification of Se by HPLC-ICP-MS.
